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What Is Claimed Is: 

1 . An electrically programmable and erasable memory device comprising: 
a substrate of semiconductor material of a first conductivity type; 
a trench formed into a surface of the substrate; 

first and second spaced-apart regions formeja in the substrate and having a second 
conductivity type, with a channel region therebetween, wherein the second region is formed 
underneath the trench, and the channel region includes a first portion that extends substantially 
along a sidewall of the trench and a second portior that extends substantially along the surface of 
the substrate; 

an electrically conductive floating gate dis] 
of the channel region and a portion of the first regron; and 

an electrically conductive control gate havmg a first portion disposed in the trench. 



osed over and insulated from at least a portion 



2. The device of claim 1 , wherein the Control gate has a second portion disposed 
over and insulated from the floating gate. 



3. The device of claim 2, wherein the < ontrol gate forms a notch at a connection 
between the control gate first portion and the conti d1 gate second portion. 



4. The device of claim 3, wherein the 
extends toward the notch. 



floating gate includes a sharp edge that 



5. The device of claim 1, wherein th<j floating gate is disposed over the entire second 
portion of the channel region. 



6. The device of claim 1, wherein trfe floating gate is insulated from the control gate 
by an insulation layer having a thickness permitl ng Fowler-Nordheim tunneling of charges 
therethrough. 
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7. The device of claim 2, further cc mprising: 

a layer of insulating material formed alojig sidewalls of the trench and extending between 
the control gate and the floating gate. 

8. The device of claim 7, wherein t le layer of insulating material includes: 
a first portion formed along sidewalls ofjthe trench and between the control gate and the 

channel region first portion; and 

a second portion formed under the contrdl gate and over the floating gate. 



9. The device of claim 1 , wherein cl 
directly toward the floating gate. 



lei region first portion extends in a direction 



10. The device of claim 1 , wherein thd trench has a side wall with an indentation 
formed therein, and wherein the control gate first bortion includes a protruding portion 
corresponding to the indentation that extends oveijand is insulated from a portion of the floating 
gate. 



1 1 . The device of claim 1 , wherein: 
the trench has a side wall with an indentation formed therein, 
the control gate first portion includes a protmiding portion corresponding to the 

indentation that extends over and is insulated from $ first part of the channel region second 

portion, and 

the floating gate is disposed over and insulat|d from a second part of the channel region 
second portion. 



12. An array of electrically programmableland erasable memory devices comprising: 

a substrate of semiconductor material of a firsfl conductivity type; 

spaced apart isolation regions formed on the substrate which are substantially parallel to 

one another and extend in a first direction, with an act^e region between each pair of adjacent 

isolation regions; 
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a plurality of trenches formed into a surface of the substrate which are substantially 

parallel to one another and extend across the iso ation and active regions in a second direction 

that is substantially perpendicular to the first dir ;ction; 

each of the active regions including a ph rality of memory cells extending in the first 

direction, each of the memory cells comprising: 

first and second spaced-apart regtons formed in the substrate having a second 
conductivity type, with a channel region formed in the substrate therebetween, wherein 
the second region is formed underneath o le of the trenches, and wherein the channel 
region has a first portion extending subst; ntially along a sidewall of the one trench and a 
second portion extending substantially along the surface of the substrate, and 

an electrically conductive floating gate disposed over and insulated from at least a 
portion of the channel region and a portion of the first region; and 
a plurality of electrically conductive control gates each extending along one of the active 

regions, wherein the control gates each have firs} portions disposed in the trenches. 



13. The array of claim 12, wherein tfle control gates each have second portions 
disposed over and insulated from the floating gates 



1 4. The array of claim 1 3, wherein 
control gate first and the second portions meet 

15. The array of claim 14, wherein 
toward the notches. 



he control gates form notches at points where the 



the floating gates include sharp edges that extend 



1 6. The array of claim 12, further c )mprising: 

a layer of isolation material extending along each of the isolation regions and filling 
portions of the trenches that are in the isolation regions. 

1 7. The array of claim 16, wherein |he isolation material layer in each of the isolation 
regions is disposed between a pair of the control gates in adjacent active regions. 



21 



Attv Dckt No: 2102397-99201 




PATENT 



18. The array of claim 1 2, whereinffor each of the memory cells, the floating gate is 
disposed over the entire second portion of thefchannel region. 

1 9. The array of claim 12, whereii 
insulated from the control gate by an insulatij 
Nordheim tunneling of charges therethrough 



for each of the memory cells, the floating gate is 
Em layer having a thickness permitting Fowler- 



20. The array of claim 13, wherei n each of the memory cells further comprises a layer 
of insulating material formed along sidewall ; of the trench and extending between the control 
gate and the floating gate. 

21 . The array of claim 20, wherefn the layer of insulating material for each memory 
cell includes: 

a first portion formed along sidewaj 
channel region first portion; and 



a second portion formed under the 



s of the trench and between the control gate and the 
ntrol gate and over the floating gate. 



22, The array of claim 12, furthJr comprising a plurality of conductive contacts each 
electrically connected to one of the first regaons. 



23. The array of claim 12, further comprising a plurality of conductive contacts each 
electrically connected to one of the second regions. 

24. The array of claim 12, wher sin each of the channel region first portions extend in 
a direction directly toward one of the floating gates. 



25. The array of claim 12, wherean the memory cells are, formed as pairs of memory 
cells, and wherein each of the memory cell flairs share a single second region therebetween. 



26. The array of claim 12, wherejn for each of the memory cells, the trench has a side 
wall with an indentation formed therein, anl the control gate first portion includes a protruding 
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portion corresponding to the indentation that exjbnds over and is insulated from a portion of the 
floating gate. 



27. The array of claim 12 wherein for each of the memory cells: 
the trench has a side wall with an indentation formed therein, 
the control gate first portion includes a protruding portion corresponding to the 

indentation that extends over and is insulated i 'om a first part of the channel region second 
portion, and 

the floating gate is disposed over and ii sulated from a second part of the channel region 
second portion. 

28, The array of claim 12 wherein lie second regions are integrally formed together 
in one of a plurality of conductive lines buriedjin the substrate, and wherein each of the 
conductive lines extends in the second directic n and includes a raised portion that extends up to 
the substrate surface. 



29. A method of forming a semico 



ductor memory cell, comprising the steps of: 



forming a first region in a semiconductor substrate, wherein the substrate has a first 
conductivity type and the first region has a se< ond conductivity type; 

forming a trench into a surface of the s emiconductor substrate, wherein the trench is 
spaced apart from the first region; 

forming a second region in the substra ;e and underneath the trench, wherein the second 
region has the second conductivity type and alchannel region in the substrate is defined between 
the first and second regions, the channel regicm includes a first portion that extends substantially 
along a sidewall of the trench and a second portion that extends substantially along the substrate 
surface; I 

forming a floating gate of electrically conductive material disposed over and insulated 
from at least a portion of the channel region ai d a portion of the first region; and 

forming a control gate of electrically c mductive material having a first portion disposed 
in the trench. 



23 



Attv Dckt No: 2102397-992010 



PATENT 



30. The method of claim 29, whereinfhe control gate has a second portion disposed 
over and insulated from the floating gate. 

3 1 . The method of claim 30, wherein] the control gate forms a notch at a connection 
between the control gate first portion and the control gate second portion. 



32. The method of claim 3 1 , wherein 
extends toward the notch. 

33. The method of claim 29, wherein 
second portion of the channel region. 



the floating gate includes a sharp edge that 



:he floating gate is disposed over the entire 



34. The method of claim 29, further c uprising the step of: 



forming a layer of insulation material bei 



^een the floating gate and the control gate that 



has a thickness permitting Fowler-Nordheim turmeling of charges therethrough. 

35 . The method of claim 30, further Comprising the step of: 
forming a layer of insulating material thpt extends along sidewalls of the trench and 
between the control gate and the floating gate. , 



36. The method of claim 35, wherefn the formation of the layer of insulating material 
includes the steps of: 

forming a first portion of the layer of ifisulating material along sidewalls of the trench and 
between the control gate first portion and the ahannel region first portion; and 

forming a second portion of the layer cjf insulating material under the control gate second 
portion and over the floating gate. 

37. The method of claim 29, wherejn channel region first portion extends in a 
direction directly toward the floating gate. 
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38. The method of claim 29, wherein the formation of the floating gate includes 
forming a layer of the electrically conductive material before the formation of the trench, and 
wherein the trench is subsequently formed through a portion of the layer of electrically 
conductive material. 

39. The method of claim 29, further 
forming an indentation in a sidewall of 1 

includes a protruding portion corresponding to 
from a portion of the floating gate. 

40. The method of claim 29, further ncluding the step of: 

forming an indentation in a sidewall oft le trench so that the control gate first portion 
includes a protruding portion corresponding to t le indentation that extends over and is insulated 
from a first part of the channel region second portion, wherein the floating gate is disposed over 
and insulated from a second part of the channel region second portion. 



Including the step of: 

le trench so that the control gate first portion 
le indentation that extends over and is insulated 



41 . A method of forming an array offlsemiconductor memory cells, comprising the 
steps of: 

forming a plurality of first regions in a semiconductor substrate that are substantially 
parallel to one another and extend in a first direction, wherein the substrate has a first 
conductivity type and the first regions have a second conductivity type; 

forming a plurality of trenches into a surface of the semiconductor substrate, wherein the 
trenches are spaced apart from and extend substantially parallel to the first regions; 

forming a plurality of second regions im the substrate having the second conductivity type 
and are substantially parallel to one another, each of the second regions extends in the first 
direction and is formed underneath one of the trenches, wherein a plurality of channel regions in 
the substrate are defined each having a first portion extending substantially along a sidewall of 
one of the trenches and a second portion that extends substantially along the substrate surface 
between the one trench and one of the first regions; 
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forming a plurality of floating gates of electrically conductive material each disposed 
^yjKj over and insulated from at least a portion of one oy the channel regions and a portion of one of 

^/i tne *" irst re gi° ns ; m & 

*|[\ forming a plurality of control gates of electrically conductive material each having a first 

5 portion disposed in one of the trenches. 



U 

i 15 

Q 



42. The method of claim 41, further iomprising the steps of: 

forming spaced apart isolation regions on the semiconductor substrate which are 



substantially parallel to one another and extend 



i 10 the first direction, with an active region betweei each pair of adjacent isolation regions; and 



forming insulating material in portions c 



n a second direction substantially orthogonal to 



f the trenches that are in the isolation regions. 



43. The method of claim 41 , whereiji the control gates each have a second portion 
disposed over and insulated from one of the flc ating gates. 



44. The method of claim 43, wherefn 
second portions therein are electrically connec 



20 connection between its control gate first portic 



for each of the active regions, the control gate 
ed together. 



45. The method of claim 43, where n each of the control gates form a notch at a 



and its control gate second portion. 



46. The method of claim 45, wherojn each of the floating gates include a sharp edge 
that extends toward one of the notches. 



25 47. The method of claim 4 1 , wherein each of the floating gates is disposed over the 

entire second portion of one of the channel re ^ions. 



48. The method of claim 41 , forth 



30 control gates having a thickness permitting F 



x comprising the step of: 



forming a layer of insulation material between each of the floating gates and one of the 



f 



wler-Nordheim tunneling of charges therethrough. 
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49. The method of claim 43, further comprising the step of: 

forming insulating material that extends fong sidewalls of the trenches and between the 
control gates and the floating gates. 



50. The method of claim 49, whereirflthe formation of the insulating material includes 
the steps of: 



forming first portions of the insulating 
between the control gate first portions and the < 



aterial along sidewalls of the trenches and 
tiannel region first portions; and 



forming second portions of the insulatir g material under the control gate second portions 
and over the floating gates. 

5 1 . The method of claim 41 , wherei: each of the channel region first portions extends 
in a direction directly toward one of the floating gates. 

52. The method of claim 4 1 , wherei l the formation of the floating gates includes 
forming a layer of the electrically conductive n aterial before the formation of the trenches, and 



i hrc 



wherein the trenches are subsequently formed jjhrough portions of the layer of electrically 
conductive material. 



5 3 . The method of claim 4 1 , furthe: 



including the step of: 



forming an indentation in a sidewall of each of the trenches so that the control gate first 
portion therein includes a protruding portion corresponding to the indentation that extends over 
and is insulated from a portion of one of the fl >ating gates. 

54. The method of claim 41 , furthe : including the step of: 

forming an indentation in a sidewall ofleach of the trenches so that the control gate first 
portion formed therein includes a protruding pSrtion corresponding to the indentation that 
extends over and is insulated from a first part off one of the channel region second portions, 
wherein one of the floating gates is disposed o\f r and insulated from a second part of the one 
channel region second portion. 
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55. An electrically programmable an< erasable memory device comprising: 



i first conductivity type; 
from a surface of the substrate; and 



a substrate of semiconductor material of 

a floating gate disposed over and insulate 

first and second spaced-apart regions fomied in the substrate and having a second 
conductivity type, with a non-linear channel rejfion therebetween, wherein the channel region 
defines a path for programming the floating gal 2 with electrons from the second region. 



56. The device of claim 55, whereinjat 
channel region is defined within a plane that is 
surface. 



least a portion of the non-linearity of the 
ubstantially perpendicular to the substrate 



57. The device of claim 56, wherein the channel region has a first portion that extends 
in a direction from the second region directly to\ 'ard the floating gate. 



58. The device of claim 57, wherein tfie direction is substantially perpendicular to the 
substrate surface. 

59. The device of claim 57, wherein |he channel region has a second portion that 
extends in a direction from the channel region fi rst portion to the first region. 

60. The device of claim 56, wherein: 

the channel region has a first portion th£ ; extends in a direction from the second region 



lat extends in a direction from the channel 



toward the surface of the substrate; 

the channel region has a second portion j 
region first portion to the first region; and 

the floating gate is disposed over and injulated from only a portion of the channel region 
second portion. 



61 . An electrically programmable ai 



erasable memory device comprising: 



a substrate of semiconductor material ofla first conductivity type; 

an electrically conductive control gate having a first portion formed in the substrate; 
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to 



first and second spaced-apart regions formed in the substrate and having a second 
conductivity type, with a non-linear channel reeSon therebetween, wherein the second region is 
formed underneath and is insulated from the coMrol gate first portion, and the channel region 
includes a first portion that extends substantially along the control gate first portion and a second 
portion that extends substantially along a surface of the substrate; and 



an electrically conductive floating gate 



of the channel region and a portion of the first region. 



disposed over and insulated from at least a portion 



62. The device of claim 61 , whereuji the control gate has a second portion disposed 
10 over and insulated from the floating gate. 

I 

63 . The device of claim 6 1 , wherei: l the floating gate is disposed over the entire 



second portion of the channel region. 
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64. The device of claim 63, where 
directly toward the floating gate. 



channel region first portion extends in a direction 



65 . The device of claim 6 1 , wherejn the floating gate is disposed over only a portion 
of the channel region second portion. 



66. A method of operating a semi 
substrate, the memory cell includes a substr; 



onductor memory cell formed in a semiconductor 
e of semiconductor material of a first conductivity 
type, a floating gate disposed over and insulited from a surface of the substrate, and first and 
second spaced-apart regions formed in the substrate and having a second conductivity type, with 
a non-linear channel region therebetween, wherein the channel region defines a path for 
programming the floating gate with electrons from the second region, the method comprising the 
steps of: I 

coupling a positive voltage to the fl >ating gate; and 



inducing electrons to flow from the 
region, to inject electrons onto the floating 



econd region, through a first portion of the channel 
?ate. 
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67. The device of claim 66, wherefn channel region first portion extends in a direction 
directly toward the floating gate. 

68. The device of claim 67, wherein channel region first portion extends in a direction 
substantially perpendicular to the substrate surface. 



69. An array of electrically prog&mmable and erasable memory devices comprising: 
a substrate of semiconductor materiaj of a first conductivity type and having a surface; 
spaced apart isolation regions formeffl on the substrate which are substantially parallel to 
one another and extend in a first direction, v 'ith an active region between each pair of adjacent 
isolation regions; 

each of the active regions including i plurality of memory cells, wherein each of the 
memory cells includes an electrically condu :tive floating gate disposed over and insulated from 
the substrate surface; 

a plurality of first regions formed in the substrate and having a second conductivity type, 
each of the first regions extends across the ; ctive regions in a second direction perpendicular to 
the first direction and is disposed at least p£ rtially underneath one of the floating gates in each of 
the active regions; 

a plurality of second regions formed in the substrate and having the second conductivity 
type, each of the second regions extends acr )ss the active regions in the second direction and is 
disposed between a pair of the first regions, vherein the second regions are buried underneath 
the substrate surface; and 

a plurality of electrically conductive 
regions in the first direction. 



control gates each extending along one of the active 



70. The array of claim 69, wherein each of the control gates includes a plurality of 
first portions that are each disposed in the si bstrate and over one of the second regions. 

71. The array of claim 70, where n for each of the active regions, the control gate 
therein has a second portion that is disposedpver and insulated from the floating gates. 
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s \ ^ 72. The array of claim 69, further ccfaiprising: 

0 \ i * a plurality of channel regions in the sutjstrate each extending between one of the first 
fytSj regions and one of the second regions. 

5 73 . The array of claim 72, wherein] each of the channel regions has a first portion 

extending from one of the second regions tov f ard the substrate surface, and a second portion 
extending substantially along the substrate si rface. 
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74. The array of claim 69 wherein the second regions are integrally formed together 
in one of a plurality of conductive lines buri ;d in the substrate, and wherein each of the 
conductive lines extends in the second direction and includes a raised portion that extends up to 
the substrate surface. 
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